SyStematic Review
Search terms were key words and relevant medical subject headings for CF, genetic carrier testing, or screening. Search terms, combined with the term "cystic fibrosis, " were the following: carrier testing, heterozygote detection, screening, genetic research, medical genetics, population genetics, pregnancy, prenatal diagnosis, preconception care, behavior, psychological processes, attitude to health, genetic counseling, and genetic risk. Reference lists of identified studies were examined, and citations were tracked for any potentially relevant additional studies. The search outputs were managed using Endnote (version X).
criteria for inclusion
The focus of this article was peer-reviewed original research in which participants were offered CF carrier screening or were asked to consider a hypothetical offer of screening, or their views on CF carrier screening were sought.
The areas reviewed were the following:
1. Attitudes to screening: studies assessing attitudes of participants/potential participants, formally or informally, toward population-based screening for CF. 2. How to offer screening: studies exploring the method of offering CF carrier screening. 3. Uptake of screening: studies measuring the number of individuals/couples who accepted or declined an offer of CF carrier screening. 4. Factors influencing decisions about screening: studies determining barriers and facilitators with regard to undergoing CF carrier screening. 5. Knowledge: studies reporting knowledge of CF and genetic screening at any point before, during, or after the screening process. 6. Outcomes and follow-up of screening for CF carrier status: studies reporting outcomes of screening in terms of recalling/understanding carrier status, screening of partner, current/future reproductive behavior, and dissemination of information to family members. 7. Psychological factors: studies exploring psychological effects on participants involved in screening for CF carrier status.
Key findings of the studies and experiences are described in this review.
criteria for exclusion from review
Non-English language articles and studies not generating any original research data, such as editorials, opinions, commentaries, and reviews, were excluded from the review. Studies in which diagnostic testing such as NBS, as opposed to carrier testing, was conducted and studies focusing on laboratory aspects of screening, rather than clinical aspects, were also excluded.
Assessment for potential inclusion of studies
Three reviewers (B.J.M., L.I., and L.F.) independently assessed the studies based on both title and abstracts for inclusion or exclusion according to the criteria outlined above. Another reviewer (S.A.M.) was available to resolve any potential differences.
Data extraction
Data collected from the studies included name of first author, year, title, country, aim/hypothesis of study, participant characteristics, study design, sample size, measures used, key results, and conclusions.
Data analysis
Analysis of categorical variables was undertaken using χ 2 analyses. A P value <0.05 was considered statistically significant. Meta-analysis was not possible due to the heterogeneity of the studies.
RESULTS
The search yielded 15,982 references and, after duplicates were removed, 14,761 studies remained. A total of 85 references met the inclusion criteria for data extraction ( Figure 1 ; Table 1 ; see Supplementary Material online).
All the studies were published after 1989: 31 (37%) were from the United Kingdom, 21 (25%) were from the United States, and eight (9%) were from Australia. Sixty-four (75%) articles involved actually offering CF screening, with 34 (40%) focusing on prenatal screening and 26 (31%) on preconception screening. The remaining 25 (29%) offered CF screening to the general population regardless of pregnancy status ( Table 1) . Due to the heterogeneity of the samples in the studies, this review will use the term "target population" as a collective term to refer to the participants included in each study. These participants may be couples and individuals being offered screening (or asked to consider a hypothetical offer of screening) in a prenatal setting (or before conception) or may be members of the general population including settings such as high schools or colleges. The various settings for each study are described in further detail in the Supplementary Material online.
During data extraction, the studies were coded into the seven areas of interest, with some covering multiple areas ( Table 2) . The number of papers was spread relatively evenly across these areas. The highest number of articles (n = 40) reported "uptake" (47%), and the least number of studies (n = 17) evaluated "how to offer" screening (20%).
When comparing studies that offered screening and those in which screening was hypothetical, studies in which screening was offered were more likely to measure knowledge (χ 2 = 24.79, P < 0.01); outcomes and follow-up of screening (χ 2 = 15.77, P < 0.01); and psychological factors associated with screening (χ 2 = 10.35, P < 0.01).
Please refer to the Supplementary Material online for information on each of the studies included in the review. The Supplementary Material provided includes the following: first author; year; country where the study was conducted; the setting in which testing was offered; study design; whether SyStematic Review testing was offered or hypothetical; and uptake rates of testing, if measured.
Attitudes toward cF carrier screening
Assessing attitudes of the target population toward populationbased CF carrier screening can inform likely interest in and uptake of screening. In the general population, 60-100% believed screening for CF carrier status should be made available, [10] [11] [12] [13] [14] [15] [16] and 80-96% felt it should be routinely offered. [17] [18] [19] However, some reservations were reported about the widespread offer of screening and its perceived systematic implementation by governments. 10, 14 The best time to offer screening was believed to be to individuals of reproductive age, before pregnancy, or when planning a pregnancy. [10] [11] [12] 20 The general population believed results of screening would influence their reproductive decisions. 10, 21, 22 Interest in screening was high, with 54-80% of the general population showing interested, 19, [22] [23] [24] although interest differed depending on life stage, with those of reproductive age showing more interest than those who had finished or were yet to start their families. 19, 24, 25 Population-based CF carrier screening can be implemented at various life stages, including the neonatal stage, high school and college age, reproductive age, when planning a family, or during the early stages of pregnancy. The majority of studies in which attitudes were measured showed that individuals of high school and college age had positive attitudes toward 27, 28 However, most studies showed that the majority of those questioned did not want to have screening while at school. 19, 24, 27 Nonpregnant women and couples planning a pregnancy had positive attitudes, [30] [31] [32] [33] [34] with 69-89% believing that CF carrier screening should be routinely offered to all couples planning a pregnancy. 30, [32] [33] [34] Pregnant women had similar attitudes toward screening. [35] [36] [37] [38] [39] Ninety-eight percent of pregnant women believed that the best time to offer screening is before pregnancy. 23 Nevertheless, 69% indicated they would accept an offer of screening during pregnancy, and 67% said they would utilize prenatal diagnosis. 23 Attitudes of pregnant women toward screening have been shown to be influenced by perceived susceptibility, in addition to barriers to and benefits of screening, with barriers having the most negative impact on attitudes. 40 
How to offer cF carrier screening
Determining the most effective approach to both providing information and offering screening is essential to ensure maximum opportunity for participation and informed decision making.
Between 50 and 94% of the target population preferred to receive an offer of CF carrier screening, pretest information, and counseling from a general practitioner. 12, 15, 24, 37, 41 A consultation with a general practitioner resulted in higher uptake of screening: 25% uptake in couples planning a pregnancy, as compared with only 9-12% uptake when invited to attend a dedicated group information session. 33, 34 When exploring the method of offering testing, 39-70% of the target population preferred to be offered testing in person rather than receiving the offer via a letter or brochure. 42, 43 How information is provided has been explored, with 77-96% reporting brochures/information leaflets as useful. 14, 21, 41, 44, 45 The main information that potential participants wanted to receive was information about CF and screening, in particular, the risk of being a carrier and having a child with CF. 46 Written and audiovisual information were found to be equally effective. 47 There was no difference in knowledge for those who received pretest information from an interactive computer program as compared with those attending a genetic counseling session. 48 However, one study showed that presenting a videotape in addition to a leaflet resulted in significantly higher knowledge than when only a leaflet was provided.
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Uptake of cF carrier screening
Uptake was reported as the percentage of individuals/couples who accepted an offer of CF carrier screening of the total number of individuals/couples offered. Uptake ranged from 46 to 99.8% in the prenatal setting, 2-96% in the preconception setting, and 8-17% in the general population ( Table 3) .
Uptake was higher in women as compared with that in men, 49, 50 and the screening approach-whether couples were screened as a unit (couple screening) or individually (stepwise screening)-did not influence uptake. 51, 52 Factors influencing decisions about cF carrier screening
Factors that influence the decision to accept or decline an offer of CF carrier screening have been explored in various studies. Gender, ethnicity, parity, future reproductive plans, income, and level of education were all factors that influenced the decisions regarding CF carrier screening. Affluent Caucasian women with high education who had no children and were planning future pregnancies were most likely to accept an offer of screening. 43, [53] [54] [55] Life stage was also shown to be important in decisions about screening, with studies showing lower interest from preconceptional individuals as compared with those already pregnant.
14,15 Although a study exploring the decisionmaking process of pregnant women regarding an offer of screening concluded that pregnancy is not the best time for informed decision making, pregnancy had a powerful influence on the decision-making process. 56 The main factors that arose when exploring the reasons for accepting and declining an offer of screening are shown in Table 4 . Other factors that influenced the decision to accept screening were ease of test procedure; individuals' feelings that they could not refuse the offer; individuals' feelings that they would regret not undergoing screening; perceived importance of the test; perceived positive consequences; perceived fewer barriers; and perceived less difficulty in informing relatives. 30, 57, 58 Other factors that influenced the decision to decline an offer of screening were concern about test sensitivity; not wishing to be tested during pregnancy; not wanting to know; insurability; limited knowledge; the requirement of a blood test; and religious beliefs. 15, 31, 59 Knowledge of cF and genetic screening Evaluating knowledge of CF and CF carrier screening can assess individuals'/couples' informed decision making in the context of accepting or declining such an offer. Knowledge has been tested at various points during the screening process: before receiving information, after receiving 12,47,62 well-educated women had higher knowledge scores. Secondary and tertiary students tended to have a higher level of knowledge as compared with those in the general population. [27] [28] [29] 63 In general, the studies showed that participants were unaware that CF is an inherited condition, 12, 21, 24, 57 did not know that CF affected the lungs, 10, 12, 61 were unaware that the majority of carriers do not have a family history of CF, 16, 21, 61 and thought carriers had symptoms of the disease. 61 Knowledge levels increased after receiving information on CF and screening. 28, 29, 58, 60, 62 One study found that those who declined screening had a lower level of knowledge than those who accepted. 32 Evaluation of knowledge after receiving the test result has shown that carriers of CF had a higher level of knowledge as compared with noncarriers. 20, 42, 58, 64 Knowledge decreased with the time elapsed since the test, 64 although this may be the case only for noncarriers, with no decrease in knowledge observed for carriers 3 months after testing. 58 The majority of those screened did not understand the concept of residual risk for future pregnancies, believing that a negative test result meant they had no chance of having a child with CF. 48, [63] [64] [65] [66] [67] [68] Although the majority of noncarriers understood the meaning of their carrier status, some believed that they were definitely not a carrier, 20, 42, 47, 50, 52, 53, 57, [69] [70] [71] [72] [73] [74] and some carriers believed they had no risk of having a child with CF due to their partner's negative test result. 58, 74 The confusion regarding residual risk may have implications for a carrier if he or she is to change partners in the future.
Outcomes and follow-up of screening for cF carrier status
Studies involving the follow-up of CF carrier screening were undertaken at various time points ranging from 2 weeks to 3 years after testing; these explored recollection and 74, 78 When participants were asked to consider their reproductive intentions if they were found to be a carrier couple, the majority stated that they would not have (more) children, 10 Only one study reported the continuation of an affected pregnancy, with the carrier couple having twins who were both identified as being affected. 39 The dissemination of information from carriers to other family members about increased risk is often evaluated when exploring the outcomes of screening. The majority of carriers reported informing relatives of their carrier status, 20, 58, 63, 65, 67, 74, 81 most frequently telling parents and siblings. 74, 81, 86 Psychological factors associated with screening for cF carrier status Concerns have been raised over the potential psychological harm of population screening for CF carrier status. Although there was an increase in anxiety on receiving a positive test result, 42, 50, 67, 74, 79, 83 this dissipated once partners were tested and found to be negative, 65, 79, 83 following genetic counseling, 71, 78 or after a period of 3-6 months. 42, 50, 71 Anxiety appears to be transient among carriers, with little to no anxiety present at 6-12 months or more after testing. 65, 74, 78 There was no significant difference in anxiety between carriers and noncarriers 37, 39, 73, 78, 84 and between those who were screened and those not screened. 85 In the majority of studies, anxiety level was measured using the State Trait Anxiety Inventory, General Health Questionnaire, Miller Behavioral Style Scale, and/or the Tolerance for Ambiguity Scale.
On receiving test results, the majority of those screened were reassured, whereas some were slightly apprehensive. 45 Most carriers expressed feelings of surprise, shock, and worry on receiving their positive test result, 57, 71, 81 whereas some expressed negative feelings and troubling thoughts. 87 All individuals who had carrier screening attributed negative feelings to being a carrier, whereas carriers attributed positive feelings to themselves but negative feelings to other carriers. 64 A study involving secondary school students showed a marked increase in uncertainty regarding feelings of concern and self-esteem after receipt of test results. 28 Some studies showed that carriers perceived their current health to be poorer than that of noncarriers, 73, 76 although other studies showed no difference between carriers and noncarriers for past, present, and future perception of health. 67, 84 Despite these reports, 83-97% of those screened, including carriers, felt that they made the right decision and would make the same decision again, 20, 34, 69, 78 with only 2-12% stating that they were unsure or regretted their decision to have screening.
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DIScUSSION
The available studies of population-based screening for CF carrier status have positive implications for the routine offer of screening to pregnant couples, couples planning a pregnancy, and individuals wishing to know their carrier status. The review demonstrates the following for the majority of studies: positive attitudes toward the routine offer of CF carrier screening; high uptake of screening in a prenatal setting; correct recall and understanding of carrier status; high rate of testing of carrier's partners; willingness to inform family members and relatives of increased risk if found to be a carrier; and no long-term psychological harm. Understanding of residual risk was poor in many of the studies evaluated in this review.
These studies are heterogeneous in a number of ways, including the setting in which screening was offered; populations who were offered screening; the cost of the test; how testing was offered; pretest counseling; pretest information; disclosure of test results; and posttest counseling. In addition, a number of the studies involved hypothetical screening; therefore, although the results are still important in determining predicted attitudes and behaviors toward screening, these might change on receipt of an actual offer of screening. Although there is some difficulty in comparing these studies, a great deal can still be learned.
The discovery of the CFTR gene in 1989, enabling CF carrier screening to take place, sparked a rise in research, with the majority of studies included in the review being published in the 1990s. The largest number of studies was conducted in the United States, in line with recommendations for the routine offer of CF carrier screening in that country. However, since the implementation of these recommendations, there has been limited evaluation. Fewer studies were based in the United Kingdom, which is currently reviewing its advice not to recommend routine screening. These UK studies often reported psychological factors in response to a policy recommendation to gather further data on the psychological consequences of carrier detection. 88 Uptake rates are an important evaluation tool of screening programs. However, in a number of the studies included in this review, the uptake rate could not be reported because the overall number of individuals or couples who were offered screening was not recorded. Generally, uptake of CF carrier screening was higher in those who were pregnant at the time of offer as compared with those who were not pregnant or the general population. Screening was perceived as more relevant during pregnancy, with some nonpregnant individuals of reproductive age stating that they would not accept screening at this life stage. 14, 15, 27 When determining attitudes and opinions toward the offer of screening, most studies showed that potential participants would like to receive an offer of screening, in addition to pretest information and counseling from their general practitioner or primary health-care provider, and would prefer a direct offer rather than a passive offer. An information leaflet or brochure on CF carrier screening was perceived to be useful in addition to the face-to-face information. Although this review does not report on the attitudes of health professionals toward CF carrier screening, studies have shown that they perceived various practical barriers to the offer of screening. Health professionals are often the gatekeepers of screening, and their attitudes, opinions, and knowledge regarding screening are significant in the effectiveness of offering population-based screening for CF carrier status. This is borne out by a number of studies that have shown that a doctor's recommendation is an influencing factor in accepting screening. 14, 20, 55, 85 Potential participants believed that the best time to have CF carrier screening is before pregnancy because identification of carrier couples preconceptionally provides the most reproductive options, in addition to giving couples more time to make reproductive decisions, as compared with prenatal screening. Although this may be the most advantageous time to be screened, preconception screening was associated with lower uptake than prenatal screening due to lack of interest at this life stage; lack of preconception health-care settings in which to offer screening; and a large number of unplanned pregnancies. 18 Offering CF carrier screening in high school has been proposed because it can reach a large proportion of the population. 89 High uptake has been associated with screening in Jewish high schools, with 98% of Jewish high school students accepting an offer of carrier screening for a number of conditions, including CF. 90 The delay in the use of information obtained from CF carrier screening in high school is the main criticism of this approach; the American College of Medical Genetics stated that carrier screening should "not be offered to adolescents as the information is only relevant for reproductive planning. " 91 However, research has indicated that adolescents screened recalled their positive carrier status, had their partners tested, and used this information to make future reproductive decisions. 92 Despite concerns that adolescents identified as carriers of CF would face stigmatization and discrimination from peers, research has shown that adolescent carriers have few negative psychological effects as a result of knowing their carrier status. 92 The majority of studies reported that willingness to accept an offer of screening was associated with wanting to know carrier status, high perceived susceptibility, and avoiding having a child with CF. The main factors associated with declining an offer of screening were low perceived susceptibility, lack of intention to terminate a pregnancy, and lack of family history of CF. More than half of the studies in this review exploring these influencing factors did not involve an actual offer of screening. Therefore, the majority of factors mentioned are perceived to influence the decision for hypothetical screening but may or may not actually influence decisions when individuals are faced with an offer of screening. Increasing acceptance of CF carrier screening could be achieved by increasing knowledge, as perceived susceptibility and perceived severity appeared to be the main themes among the influencing factors. For example, absence of a family history of CF as a reason for declining screening highlights a lack of knowledge because the carrier rate is 1 in 25 and most children with CF are born to couples who do not have a family history of CF. 93 Henneman et al 32 found that those who declined screening had lower knowledge than those who accepted screening. Knowledge of CF and screening has been shown to be low before screening but to improve thereafter. A potential reason for this increase may be the perceived relevance of that information, particularly if the individual is found to be a carrier. Provision of posttest counseling is also likely to improve knowledge, with carriers usually receiving more follow-up than noncarriers. 20 Lack of knowledge/understanding of residual risk has been one of the major issues to arise from this review. Although carrier screening for most diseases has a test sensitivity of nearly 100%, CF carrier screening has a test sensitivity of approximately 80% among Northern Europeans when screening for 23 CFTR mutations, each with a frequency equal to or greater than 0.1% in the CF population. 2 Individuals who obtain a negative result for CF carrier screening, therefore, still have a residual risk of being a carrier and having an affected child. This has led to confusion among noncarriers and carriers with a noncarrier partner, with some of these individuals believing they have no risk of having a child with CF.
Approximately 70% of the target population in the United Kingdom, the United States, and the Netherlands stated that the results of screening for CF carrier status would influence their reproductive behavior. 15, 22, 33 However, the review showed that the majority of carriers would not change their reproductive behavior as a result of their carrier status unless their partner was also found to be a carrier.
An outcome of population-based carrier screening is the reduction of CF in the population through the provision of reproductive choices to individuals and couples identified as carriers. This is borne out by the majority of carrier couples utilizing prenatal diagnosis and terminating an affected fetus. NBS also identifies parents as carrier couples and provides reproductive options for future pregnancies. In Australia, 67% of parents identified as carriers through NBS chose to use prenatal diagnosis when having more children. The implementation of carrier screening has been shown to be associated with a reduction in the incidence of CF, as judged by the number of infants with CF identified by NBS in both Massachusetts (United States) and northern Italy since 1999 and 1993, respectively 94, 95 However, there has been no reduction in the incidence of CF in Colorado, where screening for CF began in 1982. 96 The dissemination of information by carriers to family members is important because they are at increased risk of being carriers of CF. This is particularly relevant if they are planning a pregnancy but is less so if they are not of reproductive age, do not have a partner, or have finished reproducing. 20 Although most carriers stated that they informed family members of their carrier status, a study by McClaren et al 97 evaluating cascade testing after a child is diagnosed with CF through NBS showed that identifying an individual as a carrier of CF usually results in an average of only 11% of family members being tested.
Psychological harm because of screening has been proposed as a barrier to the implementation of population-based CF carrier screening. Although there have been various studies reporting anxiety and feelings of poorer health in carriers, anxiety was generally transient, and perception of poor health reflected a lack of knowledge. The majority of studies reported little evidence of long-term psychological harm, with the provision of counseling. This is supported by Henneman et al, 98 who reported that the potential psychological harms associated with population-based CF carrier screening are insufficient to warrant the refusal to offer carrier screening to the general population in the Netherlands.
cONcLUSION
In conclusion, this review demonstrates that populationbased CF carrier screening is generally associated with relatively high uptake, positive attitudes, correct recall and understanding of carrier status, and no long-term psychological harm. Although barriers to routinely implementing CF carrier screening in the population exist, they are not insurmountable. There would appear to be no psychosocial reasons why population-based CF carrier screening should not become part of regular health care.
Despite the considerable heterogeneity among the included studies, there is now a substantial body of evidence collected to inform programs. Needed now are large-scale studies of "routine" screening to evaluate-in a real-world setting-the perceived benefits, harms, barriers, motivators, and behaviors that have been identified in the literature so far. 
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